To determine if genetic and environmental (dietary) factors and gene-environment interaction impact on the expression variations of genes related to stroke, we conducted microarray experiments using two homozygous rat strains SHRSR and SHRSP fed with high and low dietary salt levels. We obtained expression data of 8779 genes and performed the ranking analysis of microarray data. The results show that the genetic difference for stroke in rat brain has a strong effect on expression variations of genes. At false discovery rate (FDR) ≤ 5%, 534 genes were found to be differentially expressed between the genotypes resistant and prone to stroke, among which 304 genes were up-regulated in the resistant genotype and down-regulated in the prone genotype and 230 were down-regulated in the former and up-regulated in the latter. In addition, 365 were functional genes for transcription and translation, receptors (in particular, neurotransmitter receptor), channels of ions, transportation, metabolism and enzymes, and functional and structural proteins. Some of these genes are pivotal genes that cause stroke. However, dietary salt levels and GE interaction do not strongly impact on the expression variations of these genes detected on arrays.
INTRODUCTION
Stroke is a major cause of severe disability and the third leading cause of death in the world. Stroke occurrence is a complex biological process involving obstruction of blood flow in a major cerebral vessel which leads to deregulation of genes whose expression promotes ischemic neuronal death and subsequent neurological dysfunction [1] [2] [3] . The development of stroke in an individual is influenced by a number of cardiovascular risk factors including genetic predispositions, hypertension, smoking, diabetes mellitus [4] as well as by dietary salt. The importance of genetic factor for stroke etiology has been documented by several rare monogenic diseases such CADASIL (cerebral autosomal dominant ateriopathy with subcortical infarcts and leukoencenphalopathy) and the genetic behavior of some genes for stroke [5] [6] [7] [8] [9] [10] . However, the genetic basis of stroke is quite complex and the genes that are relevant to strokes have continuously being discovered. Some genetic factors including stroke-prediposing loci (QTLs) have been identified in the regions on rat chromosomes 1, 3, 4 and 5 [11, 12] . In recent years, single nucleotide polymorphisms (SNPs) as an important and conservative genetic variations have widely been used to monitor human genetic diseases. For instance, G-50T in genes cytochrome P450 2J2 (CYP2J2) [4] , G860A in a soluble epoxide hydrolase (EPHX2) [4] , and plasma IL6 and CRP levels [13] were found to be significantly associated with risk of ischemic stroke.
Global gene expression profiles are becoming an important and necessary tool for exploring etiological mechanism of stroke. Several microarray experiments [14] [15] [16] [17] [18] [19] [20] [21] [22] have been used to demonstrate gene expression change in the postischemic rat subjected to ischemic stroke, hemorrhagic stroke, sham surgeries, hypoxia, and insulin-induced hypoglycemia. The blood genomic expression profiles of genes in human stroke have been obtained from the pilot studies [23, 24] . But all these studies concentrated on gene-expression change in time series after stroke while the associations between the stroke risk factors and expression variations of genes still remain unclear. Detection of effect of genetic backgrounds of stroke on differential expressions of genes is significant for illustrating mechanism of which stroke occurs, in particular, for finding functional genes participating in stroke.
In addition, since dietary factors play an important role in the onset of stroke in rat [25] [26] [27] [28] , to investigate if dietary factors regulate significantly the expressions of genes may be helpful for understanding stroke etiology. It is also deserved to ascertain if interaction between genetic and environmental (dietary) factors significantly contributes to expression variations of genes. In order to investigate effects of stroke genetic and dietary factors and their interactions on expression variations of genes, we employed a two-by-two design to conduct microarray experiments. Unlike the conventional two-by-two design that yields frequency data for association between two factors, here our two-by-two design is utilized to obtain large-scale continuous data of expression variations of genes in two ways: genetic and environmental (dietary) factors. Actually, for the continuous data, two-by-two design may be viewed as a simple two-factor design in which the data may be analyzed by two-way analysis of variance (ANOVA). For example, Kerr, et al. [29] and Black and Doerge [30] provided ANOVA models to account for multiple-factor microarray data. In two-by-two design, each factor has only two levels, and hence, ANOVA analysis is square of conventional t-statistic for each gene. ANOVA analysis of two-class data therefore is equivalent to the conventional two-tail t-test. In microarray experiments, however, since sample sizes are extremely small compared to conventional experiments but number of genes detected is huge, there would be a lot of chances to generate fudge effects in t-tests [31, 32] , that is, some of the t-values would be falsely inflated by standard errors smaller than 1. Except for significance analysis of microarray (SAM) [32] and ranking analysis of microarray (RAM) [31] , all existing methods for t-tests do not consider the fudge effects. But SAM has a low power to identify genes differentially expressed, so we here choose RAM for our microarray data.
In this paper, our focus is on genetic and environmental factors and GE interaction related to stroke producing effects on differential expression of genes in rat. In another paper, we will use ranking analysis of correlation coefficients (RAC) [33] , a large-scale correlation analysis method, to ascertain coexpression or coregulation of these differential expressed genes, furthermore, classify them into different functional groups, and build coexpression/coregulation network within groups.
MATERIALS AND METHODS

Animal Model and Two-by-Two Experimental Design
The experiments were performed on male stroke-resistant SHR/N (CRiv) (SHRSR) and stroke-prone SHR/A3 (Heid) (SHRSP) rats from a breeding colony maintained by the investigators as previously described [34] . Both rat strains SHRSR and SHRSP are inbred and homozygous, as a result of brother-sister mating over many generations. Almost all loci are the same in these two rat strains except those relevant to stroke. There are distinct gender differences in the establishment of hypertension and in stroke mortality rate in the SHRSP. Blood pressure is higher and rises more quickly and the incidence of stroke mortality is accelerated in males as compared to females. The cerebral cortex is the predilection site of cerebrovascular lesions in the SHRSP where rate of stroke occurrence is over 70%. Age-matched male rats from each strain (12 SHRSP rats and 12 SHRSR rats) were fed with a standard rat chow and water ad libitum until age 8 weeks. Subsequently, animals from each strain were randomized to one of 2 dietary regimens (N = 6 in each strain-diet group): a "stroke-permissive diet" high in sodium (HS) (0.63% potassium, 0.37% sodium) and 1% NaCl drinking solution; a "stroke-protective diet" low in sodium and high in potassium (LS) (1.3% potassium, 0.37% sodium) and regular drinking water. All animals were housed at 23˚C on a 12-hour light-dark cycle. The SHRSP rat strain in the HS environment showed stroke symptoms and died at 12 weeks of age. The stroke symptoms are defined as severe lethargy, loss of balance, poor grooming, convulsive rhythmic movement of the forelimbs, immobility, and kangaroo-like posture [35] . The brain tissues were collected for RNA extraction and subsequent microarray analysis. The study protocols were approved by the Animal Care Committee of the University of Texas-Houston. Thus, HSSHRSPs, LS-SHRSPs, HS-SHRSRs, and LS-SHRSRs were tabbed by two-by-two tables.
Brain Tissues Collection and RNA Isolation
The brain was quickly removed, weighted, cut, and then transferred to an ice cold brain matrix block in two 2 mm coronal slices that was incubated at 37˚C for 30 min with 2% 2,3,5-triphenyltetrazolium chloride (TTC) in 0.9% normal saline according to a modified protocol [36] . Then, the tissue slices were transiently immersed in a phosphate-buffered solution with 10% formalin and examined. The cortical tissue from the remaining slices was dissected and total RNA was isolated using the method of Chomczynski and Sacchi [37] , washed in ethanol, resuspended in RNase-free water, and quantified by spectrophotometric determination of optical density at 260 nm.
Microarray Experiment
Microarray analysis was performed as described by Lockhart, et al. [38] . Briefly, 10 µg total RNA extracted from each of the 24 rats was used to synthesize cDNA, which was then used as a template to generate biotinylated cRNA. cRNA was fragmented and hybridized to a Test 2 chip to verify quality and quantity of the samples. Each sample was then hybridized to a RGU34A array (Affymetrix, Santa Clara, CA) that contains 7779 full length cDNA and 1000 ESTs. After hybridization, each array was washed and scanned, and fluorescence values were measured and normalized using the Affymetrix Microarray Suite v.5.0 software. gi G , the effect of the ith genotype averaged over all environmental factor levels, gj E , the effect of the jth environmental factor level over all genotypes, gij I , effect of GE interaction between genotype i and level j of environmental factor, and gijk e , the special expression noise of observation k (k = 1, 2, … , n) in genotype i and at level j of the environmental factor where both genotypes and environmental factor levels Table 1 . Two-by-two design for studying genetic, environmental, and gene-environment interaction effects on expression of genes related to rat stroke.
Statistical Methods
 , gi G , gj E and gij I are respectively given by
ˆ( ) . RAM is based on comparisons between a set of ranked T statistics and a set of ranked Z values (a set of ranked estimated null T-statistics) yielded by a "randomly splitting" approach instead of a "permutation" approach and a two-simulation strategy for estimating the proportion of genes identified by chance, i.e., the false discovery rate (FDR) [31] . RAM is powerful to identify genes of differential expressions, especially, between small samples. Figure 1 shows the observed linear T-Z dots with respect to the contribution of genetic factors for stroke in Figure 1 Linear plot of genetic effects on expression variations of genes. The T-and Z-values were obtained from the real microarray data set of 8799 genes. The blue linear dots are the ranked T-Z dots and red linear dots, the ranked Z-Z dots. The T-Z dots violently deviate from the Z-Z dots at two sides. Two break lines represent a given pair of thresholds Δ and -Δ. rat brain to the expression variations of genes. Two tails rat brain to the expression variations of genes. Two tails of the linear T-Z dots remarkably deviate from the linear Z-Z dots (red line) at |Z| > 2, indicating that the genetic difference between two genotypes with respect to stroke strongly altered expression regulations of a bulk of genes. But the environmental factors (salt) and GE interaction show a quite weak effect on the expression variations of genes (Figures 2 and 3) . Table 2 offers the numbers of the genes called differential expressions between genotypes with respect to stroke in the rat brain at a set of given threshold levels and controls of false discovery rates (FDR) [31, 39] . In Table 2 , we found 534, 375, and 311 cDNAs displaying differential expressions between genotypes resistant and prone to stroke in the rat brain at FDR ≤ 5%, 1%, and 0.5%, respectively. Here we chose these 534 cDNAs at FDR ≤ 5 %. Of which 304 genes were up-regulated and 230 were down-regulated. In addition, 169 cDNAs were the expressed sequence tags (ESTs) (supplemental Table  2 ) and 341 of the remainders have been recognized as different functional genes in the rat brain or cerebral cortex due to replicates of some cDNAs and were sorted to several major functional groups: 1) Transcription and translation regulations, 2) Receptors, 3) Channels of ions, 4) Transporters, 5) Metabolisms and enzymes, and 6) functional and structural proteins (supplemental Table 1 ). A remarkable genetic effect is that some of genes for transcript factors, translation factors, receptors, channels, and transportation show strongly differential expressions between two genotypes of stroke (Figure 4) . Figure 4 shows that there are significantly more genes for transcript factors, receptors, and channels in up-regulation than in down-regulation. But in translation, 14 of the 17 29 genes for receptors were found to be differentially expressed between these two genotypes with respect to stroke in our data. The highlight is the genes for recap- tors that respond to  -aminobutyric acid (GABA), one of the most important neurotransmitters, in the brain. GABA-B receptors 1 and 2 are expressed in the nerve fibers at early development stage. The nerve fibers are covered by myelin sheath. Stroke, an acute neurological event leading to death of neural tissue, is involved in subcortical infarcts and leukoencephalopathy that destructs the myelin sheaths. Co-activation of GABA-A and GABA-B receptors results in neuroprotection during in vitro ischemia, which is possibly due to the fact that co-activation of GABA-A and GABA-B receptors could strongly increase activation of Akt (or protein kinase B) and inhibit activation of apoptosis signal-regulating kinase 1 (ASK1) by phosphorylation of serine 83 of ASK1 [40] . Therefore, expression variations of GABA receptor genes in these two genotypes of being resistant and prone to stroke may be associated with stroke in etiology.
RESULTS
Effects of Genetic and Environmental Factors (Dietary Salt) for Stroke and GE Interaction on Gene-Expression Variations
Genes Differentially Expressed between Genotypes Resistant and Prone to Stroke
Similar situation also happened in expression of the gene for glutamate receptor, a prominent neurotransmitter receptor. It is interesting that 26 genes for receptors displayed lower expression levels in SHRSP than in SHRSR. More interestingly, except for the gene for protein kinase C-regulated chloride channel, all 17 ionic channel genes were down-regulated in SHRSP. It is worth noting that the genes for glutamate transporter and glutamate/aspartate transporter were differentially expressed between these two genotypes. The glutamate transporters might increase the susceptibility of tissue to the consequences of insults that lead to a collapse of the electrochemical gradients required for a normal function [41] . Excitotoxicity may be an important pathophysiological mechanism of which Purkinje cell would be died after ischemia.
The glutamate transporter can remove glutamate from the extracellular fluid in the brain, suggesting that glutamate transporters may play a critical role in protecting Purkinje cells from ischemia-induced damage. Among 10 genes for transporters showing significant change in expression, 4 genes are responsible for glutamate or glu-tamate/aspartate transport. Yamsashita, et al also found that glutamate/aspartate transporter (GLAST) is abundantly expressed in the cerebellar cortex [42] .
Another big genetic effect on gene-expression variations was also found in those coding for enzymes controlling metabolisms. In our microarray data, 88 genes found to be differentially expressed between SHRSP and SHRSR encode enzymes that respectively participate in phosphate metabolism, oxidization and reduction, energy metabolism, carbohydrate metabolism, lipid metabolism, amino acid and nucleotide acid metabolism, sterol metabolism, neurotransmitter, extracellular and intracellular signaling, and so on. Figure 5 shows that these 88 genes mostly work in phosphate metabolism, oxidization and reduction, extracellular and intracellular signaling, and carbohydrate metabolism. But here our focus is on a pivotal enzyme, i.e., Casein Kinase II (CKII) because CKII may play a crucial role in IFN-[gamma] signaling relevant to change in gene-expression in macrophage during atherosclerosis [43] . In particular, nuclear factor-κB (NFκB), a transcription factor, is activated after cerebral ischemia. NFκB activation leads to the expressions of many inflammatory genes involved in the pathogenesis of stroke [44] . NFκB is in general sequestered in the cytoplasm via interaction with specific inhibitory proteins (IκBα) [45] . Phosphorylation by CKII of serine/threonine in the C-terminus influences IκBα stability [46] [47] [48] [49] [50] and promotes deg-radation of IκBα via calpain [45] . Our results (supple-mental Table 1) show that the genes for CKII alpha subunit and calpain small subunit were significantly up-regulated in SHRSP but down-regulated in SHRSR. This indicates that expressions of CKII and calpain genes are suppressed in SHRSR so that IκBα is active and stable. The active IκBα inhibits NFκB. As a result, the expressions of many inflammatory genes dealing with the pathogenesis of stroke are closed in SHRSR. Therefore, CKII and cal- pain may be viewed as biomarkers for early diagnosis of stroke.
In addition to those above, 166 genes for functional and structural proteins such as binding proteins, membrane proteins, microtubule and skeletal proteins, glycoproteins, nervous system-associated protein, cell signalassociated protein, cell growth and cell division-associated proteins, immunological system-associated proteins, cell adhesion proteins, tumor-associated proteins, etc also were found to have strong expression variations. Among these genes coding for proteins, the most are those for nervous system-associated proteins. Most of the genes for glycoproteins, nervous system-associated protein, cell signal-associated protein, and cell divisionassociated proteins were down-regulated in genotype SHRSP compared to genotype SHRSR (Figure 6 ). Here it is especially worth noting that the genes for cathepsin S and NaPi-2 were significantly higher in genotype SHRSP than in genotype SHRSR while the calpastatin was significantly down-regulated in genotype SHRSP (supplemental Table 1 ). Cathepsin S is a prominent protein, a novel biomarker relevant to atherogenesis [51] [52] [53] . It is well known that stroke occurs when a blood clot forms and blocks blood flow in an artery damaged by atherosclerosis. Excess cathepsin S would produce a potential deleterious effect on the arterial wall because cathepsin S forms a plausible molecular link between enlarged fat mass and atherosclerosis [53] . Atherosclerosis complicated by plaque rupture or thrombosis could be a major factor causing potential lethal acute coronary syndromes and stroke [54] . In addition, type 2 sodium phosphate cotransporter (NaPi-2) beta has been demonstrated to be associated with hypertension and obesity [55] [56] [57] . This is why cathepsin S and NaPi-2 were upregulated in genotype SHRSP but down-regulated in SHRSR. But calpastatin is a calpain-specific inhibitor [58] . As mentioned above, calpain aids CKII to degrade IκBα. Hence, in presence of calpastatin, IκBα has a higher activity level. The higher active IκBα inhibits NFκB.
Genes Differentially Expressed between Two Salt Levels
The role of environmental factors is an exterior effect in stroke. Therefore, compared to the genetic effects, as seen in Figure 2 , the environmental effect on expression variations of genes is very weak. The numbers of genes differentially expressed between two different dietary salt levels at a set of given thresholds are listed in Table  3 . As expected in Figure 2 , merely 22 genes were found to have differential expressions between two dietary salt levels: high in sodium (HS) and low in sodium (LS) at FDR ≤ 5%. Among them, 10 are EST, 9 are functional genes for connexin 40, carboxyl-terminal PDZ ligand of neuronal nitric oxide synthase, NF1-B2, prolyl 4-hydroxylase alpha subunit, RhoA, syntaxin B, and taurine transporter, respectively, and 4 are unkown sequences (supplemental Table 1 ).
Genes Differentially Expressed Due to Interaction between Genotypes and Environmental Factor (Dietary Salt)
As such, contribution of interaction (GE) between geno- types and environmental factor (dietary salt) to expression variations of genes is also pretty small (Figure 3 ). The numbers of the genes differential expressed due to GE interaction at a set of threshold levels were listed in Table 4 . 25 genes were found to have the interesting change in expression at FDR ≤ 5%. Among them, 11 are EST, 12 are functional genes coding for synuclein 1, synaptojanin, flk protein, metabotropic glutamate receptor 3, neurexin III-alpha, carboxypeptidase D precursor (Cpd), electrogenic Na + bicarbonate cotransporter (NBC), and ET-B endothelin receptor, GST Yc1, respectively, and 3 are unknown sequences (Supplemental Table 1). 23 of these 25 genes were down-regulated in the genotype resistant to stroke and the low salt environment or in the genotype prone to stroke and the high salt environment but up-regulated in the genotype resistant to stroke and the high salt environment or in the genotype prone to stroke and the low salt environment.
DISCUSSION
From Figures 1, 2 and 3, it can be seen that the effects of these factors for stroke on the expression variations of genes were well displayed by deviation of the T-distribution from the Z-distribution at two sides. As expected, the genetic difference between genotypes results in the significant expression variations of genes related to stroke (Figure 1) . At FDR ≤ 5%, we found 341 functional genes differentially expressed between the genotypes SHRSP and SHRSR. Unlike the environmentally Table 4 . Number of genes whose expression variations were impacted by GE identified by RAM and estimated FDR at a given threshold. differential expressions of the genes, the genetically differential expressions of the genes are resulted from change in structure of these genes or from altering regulation elements of an operon system. Compare to SHRSP, SHRSR genetically strengthens (up-regulate) expressions of the genes associated with rat resistant to stroke and weakens (or down-regulate) expressions of the genes making rat prone to stroke. Our data show that these genes work in transcription and translation regulations, ion and molecule transportations including channels and transporters, metabolisms, nervous system, and functional and structural proteins. Since stroke, which mostly occur in the cortical region of the brain, is a complex neurological event, the genes working for the nervous system, including receptors, neurotransmissions, binding proteins, neurons, synapses, etc, were strongly regulated by some other key genes for stroke. Mutations would change expressions of these genes working in the nervous system. For example, as mentioned above, 8 genes for the GABA receptors (GABA-A and -B receptors) showed higher expression levels in SHRSR than in SHRSP. The GABA-B receptors potentially play an important role in the inflammatory response and neutrophil-dependent ischemia-reperfusion injury such as stroke [59] . Another example is that the TrkB receptor, a high-affinity receptor of two neurotrophins (brain-derived neurotrophic factor and neurotrophin 4/5), is important for neuronal growth and differentiation and regulation of synaptic transmission and for prevention from neuronal damage after ischemia [60, 61] . In our microarray data genes for the full-length (FL) and the truncated TrKB showed differential expressions between SHRSR and SHRSP even though their differential expression direction is just opposite (supplemental Table 1 ). In addition, the genetic difference for stroke between two rat strains also alters expressions of some critical genes involved in stroke. For instance, CKII plays potentially important roles in specific neural functions and is significantly associated with change in expressions of many inflammatory genes involved in stroke. The expression difference of CKII gene between SHRSR and SHRSP causes differential expressions of a set of relevant genes.
Fornage, et al. [34] used TagMan assay to measure the relative expression levels of 7 functional genes encoding atrial natriuretic peptide (Anp), the neurotrophin receptor protein tyrosine kinase (TrkB, a truncated form), casein kinase 2 (CKII), complexin 2 (Cplx2), stearoyl CoA desaturase 2 (Scd2), glycerol-3-phosophate acyltransterase (Gpan), and inositol 1,4,5-triphosphate receptor (Itpr1). They found that these 7 genes were significantly differentially expressed between genotypes SHRSR and SHRSP with p < 0.05. In our current microarray data, these 7 genes were also found to have significant expression change between these two genotypes at FDR < 0.3%. Furthermore, our microarray data were well agreeable with the TaqMan data for the direction of change in expressions between these two genotypes. In addition, Tropea, et al. [62] also found that the genes encoding glutamate receptor (GluR-A) and GABA receptor had significantly expression change between two mice treated by respective dark rearing and monocular deprivation. We performed RAC for these 534 genes detected to be differentially expressed between two genotypes and the other 481 genes that were not identified to be differently expressed and found that there were a lot of strongly positive and negative correlation expressions between these differentially expressed 534 genes, while all the 481 genes without differential expression were not significantly correlated in expression variations (the results will be shown elsewhere).
The differentially expressed genes may be classified into different functional groups because genes in a functional group possibly have the same or similar expression pattern. The similar expression pattern may be measured by correlated expressions, including co-expressions and co-regulations of gene-expressions. By using correlation of gene-expressions, one can build clusters or networks of functional genes related to stroke and find associations between functional genes and build gene pathways for a global insight into a pathogenesis of stroke. These valuable and interesting studies will be given elsewhere.
The role of dietary factors in occurrence of stroke has been well documented. For example, when feeding a diet low in potassium and high in sodium, the SHRSP strain developed a rapid onset of stroke [25, 26] , while potassium supplementation remarkably reduced the incidence of stroke and delayed its onset [63] . In addition, high dietary potassium intake was significantly associated with a reduced risk to stroke [64] . However, our current data did not show that the dietary salt has a strong regulation effect on expression variations of genes in vivo. But it might play an important role in metabolic and physiological processes for stroke. We also found that the interaction between genetic difference and dietary salt for stroke has a weak contribution to expression variations of genes. 
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